Performance of the graphene-based devices is usually limited by the large electrical contact resistance at the graphenemetal junctions. In this work, a laser nano-welding method has been developed in order to reduce the graphene-metal contact resistances by improving the carrier injection at the junctions. Laser-induced breakdown of C-C bonds was performed at the edges of graphene-metal contact areas, to facilitate the bonding between the metallic atoms and graphene after the annealing process and, therefore, maximize the carrier transport. It is experimentally proved that the structural defects and open-ended C atoms are formed as a result of the laser irradiation performed at λ=514 nm and optical power of 20 mW. The edge-contacted junctions were then realized by an annealing step that followed the laser irradiation step. After this two-step treatment, contact resistance (ρ C ) as low as 2.57 Ω.µm 2 is achieved, which is less than 6% of its pristine value and close to the 2015 International Technology Roadmap for Semiconductors (ITRS 2015; ρ C = 2.57 Ω.µm 2 ). Moreover, the site-selective nature of the proposed laser nano-welding method prevents degradation of the superior electrical properties of the graphene channel which is considered a common limitation in most of approaches proposed for achieving a reproducible low graphene-metal contact resistance.
INTRODUCTION
The electrical contact resistance between graphene and metallic contacts (ρ C ) is currently considered as the major obstacle hindering the realization of the unique properties such as high carrier mobility in graphene devices and preventing their integration into future generations of electronic devices. [1] [2] [3] [4] [5] [6] [7] [8] [9] Presence of contaminations and impurities such as lithography resist residues have been regarded as one of the major factors leading to limited interfacial carrier transport at graphene-metal (G-M) interfaces. Accordingly, numerous cleaning methods such as CO 2 cleaning [10] and thermal annealing [11, 12] have been propsed to remove these imputiries. However, the reported ρ C values were still far from satisfactory, indicating that the poor G-M coupling persists even in a residue-free interface. [11] [12] [13] [14] [15] Although considered as semi-metal, graphene behaves as an insulator for out-of-plane carrier transport to metallic contacts, due to the difference between its Dirac-type charge carriers and the Schrodinger-type carriers in metals. [13, 16] According to previous theoretical studies, highest interfacial carrier transport can be realized if a strong bonding with short coupling length is formed between graphene and metal. [13, [17] [18] [19] So far, numerous methods such as ultraviolet (UV) ozone treatment, [20, 21] low-power O 2 plasma etching, [22] and patterning the graphene [23, 24] have been proposed to improve the chemical activity of graphene through introducing structural defects in its atomic formation. However, the randomly formed defects and extra lithographic steps could lead to unwanted amorphization, contamination, and degradation of graphene. It is, therefore, essential to develop new techniques to overcome the challenges present in current methods.
Incorporating the selective mechanism of energy delivery in laser for precise structural modification in carbon-based materials has gained mounting interest in a wide range of micro/nano fabrication applications such as structure patterning, [25, 26] solid-phase doping, [27] and chemical functionalization. [28, 29] In our previous work, successful implementation of carbon nanotubes (CNTs) onto Cu substrates was achieved by laser irradiation with significantly reduced CNT-Cu resistance. [23] In this work, we introduce the "laser nano-welding" technique and substantially reduce the ρ C . As shown in Figure 1 , structural defects are formed at the edges of the graphene on the G-M interfaces through localized laser-induced breakdown of C-C bonds in order to increase its chemical activity of graphene within the contact, while preventing from the degradation of its main part. The laser irradiation step is then followed by a vacuum thermal annealing in order to realize the G-M bonding at the laser-induced defects. This method proved to be effective in improving the interfacial properties of graphene devices. Specifically, contact resistances as low as 2.57 Ω.µm were obtained, which fulfill the target values of ITRS requirements for 2015. [4, 13] 
EXPERIMENTAL SECTION

Fabrication of suspended graphene four-point probe structures
As schematically shown in Figure 2 , the dry transfer technique [30] was used for mounting the mechanically exfoliated graphene flake on top of Ni/Au (5/30 nm) metallic contacts, which were previously patterned on SiO 2 substrate through standard photolithography/lift off procedure. The graphene flake was transferred to a polymer gel film (Gel-Pak Company) with a size of 1 × 1 cm 2 that was attached to a piece of glass slide. The slide was then mounted on a micromanipulator with the gel film facing the SiO 2 substrate. Next, the substrate was mounted on the stage of an optical microscope with a long-working-distance lens which was previously focused on the on the intended location for placing the graphene. Next, the micromanipulator was used to slowly lower the glass slide, (Figure 2 (a)) until graphene and the metal contacts were completely brought into contact (Figure 2(b) ). The slide and the substrate were then slowly separated, leading to the transfer of graphene on top of the metal contacts and forming the suspended structure ( Figure  2 (c)). Finally, the device was thermally annealed in a 10 torr H 2 -Ar gas mixture at 400 °C for 1 hour, in order to burn off the possible impurities and polymer contaminants. 
Laser nanowelding at the edges of graphene
The laser irradiation step was performed using a continuous-wave (CW) laser with the fluence of 6.24×10 9 J/cm 2 and wavelength of 514 nm (Modu-Laser: Stellar-RMN 514/50), at which the Au thin film is highly reflective and optically non-absorbent, in order to avoid damages to the electrodes. [31] As shown in Figure 3 (a), this step was carried out at the edges of the graphene at the G-M interfaces. Optical disassembly of the sp 2 hybridized C-C bonds occurs mainly due to the recombination of the photo-generated electron-hole pairs during intense illumination of graphene. [32, 33] The samples were then thermally annealed at 400 °C at a total pressure of 1-5 mtorr, in order to realize the bonding between the open-ended C atoms and metal atoms. [12, 24] Electrical and structural characterizations were carried out after every step of the laser nano-welding process, in order to study their possible impacts on the ρ C values.
RESULTS AND DISCUSSION
Figure 3(b) shows the average ρ C values for samples with different contact areas (A C ) ranging from 3 to 27 µm 2 after every step, which was calculated via equation 1:
where R 2pp is the measured two-point probe resistance, R Channel is the channel resistance obtained from the four-point measurement, and W is the width of the graphene channel, as shown in the schematics of Figure 3(a) . It was noted that the pristine ρ C increased accordingly with the increase of A C due to the van der Waals (vdW) barriers between Au and graphene. [34, 35] A unanimous increase in ρ C was observed after the laser-irradiation step, which was related to the laser-induced formation of defects at the edges. This variation, however, did not exceed to more than 10 % of the pristine ρ C value at each data point, since a small portion of the contact area was irradiated. Notable reduction in ρ C was measured, after the laser-processed samples were thermally annealed. Particularly for sample A, ρ C at A C = 3.3 µm 2 was reduced to 2.57 Ω.µm, less than 16 % of its pristine value after the annealing step. This value is also close to the ITRS 2015 projected values for 22 nm channel length. [13] It is notable that the observed improvements were far more substantial for the laser-irradiated devices, compared to the ones reported after a single annealing step. [35] We also compared the obtained results from the proposed laser nano-welding method with the ones obtained from a simple thermal annealing step in order to clarify and confirm the significance of the laser-irradiation step in our method and results are shown in Figure 3 (c) for two devices with similar A C of 3.0 µm 2 . It can be observed that ρ C values drops by 20 % after the first two hours. The reduction continues with the same slope after 2 hours and starts to become negligible thereafter. Regardless of the lengthy annealing time, the final value obtained is still more than 4 times larger than the one obtained after the laser nano-welding method (the black curve in Figure 3(c) ), indicating that this thermal annealing will have no other effect than removing the impurities and residues between the graphene and the metal contacts, if the atomic structure of graphene is perfect. This is even more intensified when using weakly interacting metals such as Au, which is the case for this work. Figure 4(a) ) after each step. As noted, the pristine graphene flake exhibited uniform spectra without notable D-band, either at the edge or at the middle area, which is expected of graphene with perfect lattice structure and weak bonding with Au. [12] After the laser-irradiation step, D-band at around 1350 cm -1 was observed at point-1 due to the structural disruption at the edge of the graphene resulted from laser irradiation. The D-band was still observed after the thermal annealing step at point-1, while at point-2, the Raman spectra remained unchanged throughout the whole treatment. These observations were consistent throughout the total contact area by mapping the D/G ratio of the red-line squared area in Figure 4 (a) and a comparison between Figure 4 (c) and Figure 4 (d) reveals a monotonic rise in D/G ratio at the graphene edges after the laser irradiation. In addition, it can be noted that this parameter remains unaffected and stays at its lowest value at the graphene channel area. In other words, no structural disruption occurs at the channel throughout the steps, reflecting the selective mechanism of the laser nanowelding method, where structural modifications are localized at the edges of the contact areas, while keeping the graphene channels unaffected. Based on the obtained results after each step of the laser nano-welding process, it was obvious that the carrier transportation across the G-M interfaces was significantly enhanced through the formation of additional carrier transport channels. According to the recent first-principles non-equilibrium Green's function studies reported by Ma et al., carrier injection between graphene and weakly interacting metals such as Au can significantly escalate, if open graphene edges and point defects are present at the G-M interface. [34] The qualitative agreement between this postulated mechanism and the observed improvements in our studies suggests that the laser irradiation leads to the disturbance in the structure of graphene and generation of chemically active and open-ended dangling bonds (see Figures 4(b-d) ), which subsequently form a strong coupling with metal atoms after the annealing step at the laser irradiated spots. Furthermore, it is critical to note that the improvements observed herein are far more drastic, compared to the ones reported for single-annealing methods on physisorbed metals such as Au, [11, 12] further supporting the above interpretation. Another point is that the localized location-selective irradiation of the graphene at its edges creates defective areas that are small, with respect to the graphene sheet and this prevents from a comprehensive structural degradation and shrinkage of its effective width, which can cause scattering, band gap widening and increased ρ C . [36] 
CONCLUSIONS
In conclusion, we have developed the laser nano-welding technique to reduce the G-M interfacial resistance through realizing the edge-contacted configuration between graphene and Au. Localized Laser irradiation was performed to generate unsaturated C atoms and chemically active point defects at the edges of graphene, and to facilitate the G-M bonding after the subsequent thermal annealing step. This structural modification at the interfaces which was verified through Raman spectroscopy resulted in R C values as low as 2.57 Ω.µm. We further demonstrated that the advantage of this technique is the precise structural modifications without sacrificing its high in-plane carrier mobility.
